ABSTRACT
Introduction
WIMPS (weakly interacting'massive particles) may make up some or all of the 'dark matter' in the Milky Way. If they do, they will have been captured by the sun and other bodies (Faulkner and Gilliland 1985) perhaps generating observable consequences (Faulkner and Gilliland 1985; Spergel and Press 1985) . Since these particles have elastic cross sections much smaller than those of the solar nuclei, they orbit almost freely inside the sun, interacting only occasionally.
To accurately predict observable effects, one must know the space and velocity distribution of the WIMPS and the rate at which they evaporate from the sun. In the past, the WIMP distribution has usually been assumed to be thermal, with a characteristic temperature which is an average of the temperatures of the regions in the sun which it samples. Of course, it is known that the distribution cannot be truly thermal because the WIMPS are transporting heat, but it has been assumed (as it turns out, correctly) that this approximation introduces relatively small errors (Faulkner and Gilliland 1985; Spergel and Press 1985; Griest and Seckel 1987) . However, the analyses of the evaporation from a thermal WIMP distribution have been less than precise and have, for the most part misestimated the evaporation rate by one or several orders of magnitude. The most well-reasoned previous analysis succeeded in finding the correct functional dependence on the various parameters by using a detailed balance argument for the case when the WIMP temperature is equal to the nuclei temperature (Griest and Seckel 1987) . But the correction factor for the case of unequal temperatures was not evaluated correctly, and this led to an overestimation of the evaporation rate by a factor of 6.
_-.
In this paper I begin by solving the problem of evaporation from a thermal distribution of WIMPS with a velocity independent isotropic cross section exactly.
actual rates. As it happens, this difference turns on rather subtle points.
The rate of evaporation from the true distribution is found to be about one third of the rate from the thermal one with the same average kinetic energy.
These corrections to evaporation rate (a factor of about 18) lead to an 8% reduction in the evaporation mass (the WIMP mass at which the evaporation rate is the inverse of some specified evaporation time). Using an evaporation time equal to the lifetime of the sun (4.7 billion years), the evaporation mass is 3.7 GeV.
Using the 'annihilation time' (computed for Dirac neutrinos), the evaporation mass is 2.9 GeV. (The annihilation time (Griest and Seckel 1987) is the lifetime of a WIMP orbiting in the presence of a thermal distribution of anti-WIMPS with an appropriate number density.) The large correction in evaporation rate leads to a relatively small correction in evaporation mass because the latter depends logarithmically on the former.
-
In section 2, I discuss qualitatively how one might expect the WIMP distribution to differ from a thermal one, and how one should parameterize this difference.
In section 3, I derive the general formula for evaporation from a MaxwellBoltzmann distribution of WIMPS truncated at a given value of the kinetic energy, due to immersion in a truly thermal gas of nuclei with arbitrary temperature and mass per particle. The results of this calculation are used to illustrate the problems with assuming that the distribution is thermal.
In section 4, I describe the numerical simulation experiments I used to determine the actual WIMP distribution in the sun for various mass WIMPS. In section 5, the results of these experiments are given.
In section 6, I discuss the case of WIMPS with an enhanced interaction crosssection of order 10-36cm2 which have been proposed to explain the solar neutrino problem (Faulkner and Gilliland 1985; Spergel and Press 1985 Thus the bulk of the WIMPS will be in a region of relatively uniform temperature, so that they might at first be thought to have a nearly thermal distribution. However, all the WIMPS which are kicked into higher energies (the Boltzmann tail) will leave the central region of the sun and experience the colder outer regions. They will quickly scatter back down to lower energies. Thus the tail will be suppressed. In terms of equation (2. 3) this may be expressed
where f (E, L) is the actual WIMP distribution.
Further, one would expect the high-energy, high-angular-momentum part of the distribution to be highly suppressed relative to the high-energy, low-angular-momentum part. This is because most of the tail is created in the hot center of the sun and consequently the typical high energy WIMP is in a radial, low-angular-momentum orbit.
Another way to express these same qualitative features is to consider the average WIMP kinetic energy, < Ek >, and average square of the radial component of the velocity unit vector, < (v,/v)~ >, as functions of position in the sun. One would expect < Ek > to fall with increasing radius and < (v~/v)~ > to rise.
In section 5, it will be shown that for -4 GeV WIMPS these qualitative expectations are borne out and that, roughly, the WIMPS may be considered as being in a cut-off thermal distribution, with a cut-off energy of about 40% to 80% of the evaporation energy. (-The value depends on whether one estimates the cut-off from the energy distribution integrated over all angular momenta, or just the low angular momenta. The high figure is more appropriate for the central region of the sun because the high energy WIMPS there have low angular momentum.
Far from the center, the lower figure is more appropriate.)
Analytic Theory of Evaporation
Consider first a single WIMP of velocity w and mass A4 scattering off a thermal distribution of nuclei with density N, mass m, and temperature T. Assume there is a velocity independent cross section O, with isotropic scattering. The rate at which w scatters to velocity v (derived in the appendix) is given by
where In these equations, (3.11) -a -(m/2T) i (pve A-Ewe), (3.12) Y&L. Tw where A is a correction factor The relation (3.20) was originally discovered by Griest and Seckel (1987) .
They argued (from detailed balance) that in the equal temperature case, the evaporation rate of WIMPS from the sun should be equal to the capture rate of the tail of a (hypothetical) ambient WIMP distribution. This in turn, they argued, should be virtually equal to the interaction rate of the WIMP tail with a gas of stationary nuclei. This part of the analysis was correct. They went on, however, to estimate the correction due to unequal temperatures by assuming that the ratio of the rates at different temperatures was equal to the ratio of nuclei phase space in a certain kinematic region, the region where a nucleus could promote a These formulas may be combined as before in the form of equation (3.17) where now [ (1 -4 sin2 0,) = .124; masses are in GeV.] Because it was necessary to get equally good statistics on events which happened with roughly unit probability and events which happened with probability lo-l6 or less, I used the following such that 90% of the interactions happened with velocity less than ~1, 99% with less than 2~2, 99.9% less than us, etc. Then one collision was allowed in each segment and its probability appropriately weighted. The number of segments was chosen so that, given the local temperature and density, all events at least 0.1% as probable as WIMP evaporation would be sampled. [The method described above has some interesting, sometimes indirect, resemblances to methods developed for the analysis of globular clusters (Shapiro 1985 Even on a log graph evaporation cuts off extremely rapidly for the thermal distribution and still more rapidly for the actual distribution. This confirms the analysis of section 3 that almost all evaporation takes place in the core. If the sun had a uniform temperature, these curves would be virtually straight lines.
.-
In view of the fact that the local WIMP average kinetic energy falls with radius (albeit more slowly than the temperature) it may be asked why, in sec- that evaporation is extremely sensitive to the structure of the tail of the WIMP distribution, whereas the local value of the average kinetic energy is sensitive to the low-energy 'hump.' The hump is in turn relatively sensitive to local condi-tions, because, especially near the center, low energy WIMPS tend to stay where they are. The tail, on the other hand, tends to be highly non-local, because virtually the entire tail at every point in the sun is created in the core. Thus the local average kinetic energy is not a good indicator of WIMP evaporation.
[By contrast, the sliding average kinetic energy may well have a depressing effect on heat transport (Nauenberg 1986 ) .] GeV. Figure 5 shows the WIMP temperature normalized to the central temperature of the sun. As the WIMPS get lighter they tend to sample the higher (colder)
regions of the sun and this depresses their temperature. Figure 6 shows evaporation due to the actual WIMP distributions compared to that of corresponding thermal distributions. For high mass WIMPS, as the temperature asymptotically approaches the central solar temperature, the loglo of the evaporation rate for the thermal distribution approaches a straight line with slope -A@/(Te In 10) = -3.5/GeV. However, for low mass WIMPS, the lower WIMP temperature tends to suppress the rate relative to this line. For the actual distribution, the rate is suppressed by about a factor of 3-5 relative to the thermal rate for high mass WIMPS, and is about the same for low mass WIMPS. It turns out that the low mass WIMP distribution (while not thermal) more closely resembles a thermal distribution than a truncated one. However, the higher mass WIMPS do have a truncated distribution (see Figure 3 ) and so (according to the analysis of section 3) should have their evaporation somewhat suppressed. Figure 7 shows the relative contribution of hydrogen to evaporation. For higher mass WIMPS hydrogen plays a reduced role in the actual distribution compared to the thermal one. This is due to the "impedance matching" analyzed in section 3. For low mass WIMPS there is no hydrogen enhancement relative to helium because, as mentioned above, the actual distribution more closely resembles a thermal one. Figure   6 , the annihilation signal from solar WIMPS which are lighter than 3 GeV will be suppressed by a factor of lo2 for each .3 GeV compared to the signal above this value.
Finally, I wish to again emphasize that the evaporation mass is proportional to tf+o) -Q(O), inversely proportional to the core temperature and logarithmic in the helium cross section. Thus, any small change in the first two of these parameters, or a comparatively large change in the last, can be compensated easily without redoing the calculation.
6 . 10H3" cm2 WIMPS Faulkner and Gilliland (1985) and independently, Spergel and Press (1985) have proposed WIMPS with about 200 to 800 times greater than weak interaction cross sections to explain the solar-neutrino problem. 
APPENDIX Thermal Scattering
Here I evaluate'R(w + TJ), the rate at which a WIMP with isotropic, velocityindependent cross-section scatters off a thermal distribution of nuclei, and display the identities which make the derivation of (3.10) and (3.11) tractable. I have gone into some detail because I believe the substitutions and identities introduced here are of general use in solving a broad class of double Maxwell-Boltzmann distribution scattering problems. I use the notation introduced in section 3.
The differential rate at which w scatters off a nucleus with velocity u and labframe angle 8 is equal to the product of the cross section, the Maxwell-Boltzmann number density, and the relative velocity, W5)
The case of w < v can either be done the same way or deduced from detailed balance arguments. Next, one may easily establish the following identities:
CY; =/3;+pc2(v2-w") = 7; + < -Ytc2W2, W) 
